where  is adsorbent exhaustion rate and t is empty bed residence time. Choice of flow rates, in this system requires a balance between service-time optimisation and water quality.
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ABSTRACT
Water defluoridation in a fixed bed column may be optimized through choice of flow rate. This, however, affects breakthrough characteristics. In any fixed bed system an understanding of flow rate and breakthrough interactions is therefore important to guide choice of design velocity. Consequently interactions between flow rate and break through characteristics were determined in a fixed bed column in defluoridation with a composite filter of bauxite, gypsum and magnesite. This was an attempt to optimize defluoridation with the three materials. Lower flow rates obtained longer service times but higher residual concentrations of sulphates and chlorides. Higher flow rates registered lower residual sulphate and chloride concentrations but obtained lower service times. There were no significant differences in residual concentrations of aluminium, iron, calcium and magnesium among the different flow rate regimes. Adsorbent exhaustion rates and critical bed depths increased with increase in flow rates, indicating that lower flow rates offered better technical system performance. Critical bed depths ranged from 5.23 to 10.89 Cm for flow rate range of 0.68 to 1.25 ml/s. operating lines were polynomic with generic form 
Introduction .
Water defluoridation research has sometimes focused on employment of locally available materials to enhance access to safe potable water in less advanced communities. A number of materials have been tested in defluoridation including clay, bauxite, gypsum, magnesite, and bone char [1] [2] [3] [4] [5] [6] . Excess ingestion of fluoride causes dental and skeletal fluorosis. As such a guideline upper limit of 1.5 mg/l was set for drinking water by the World Health Organisation [7] [8] [9] [10] . Batch and fixed bed systems have been demonstrated to offer water defluoridation with variant levels of success [11] [12] [13] [14] . Fixed bed adsorption systems have however proven more appropriate in most applications because they are versatile and easy to operate [15] . In a fixed bed column service time is one of the performance characteristics of the system that determine feasibility and cost effectiveness. In water defluoridation, service time of a fixed bed is the time a bed-medium functions in removing fluoride before requiring regeneration or replacement. This has been determined to depend on system and water quality parameters such as media type, bed depth, flow rate, particle size, initial fluoride concentrations and others. Rate of flow has been shown to impact on service time and breakthrough properties of fixed bed systems employing bone char, surface tailored zeolites and aluminium hydroxide [16] [17] [18] . Bauxite, gypsum and magnesite have fairly good fluoride sorption capacities in batch and fixed bed ranging from 5.5 to 25 mg  F /g however bauxite increases residual aluminium and apparent colour, gypsum introduces calcium and sulphates in the water, and, magnesite increases water pH to about 10 [1] [2] [3] [4] . Research was therefore carried out to optimize use of the three materials in water defluoridation with focus on how flow rate affects breakthrough properties and water quality in defluoridation of raw groundwater with a composite filter of bauxite, gypsum and magnesite. Impact of flow rate on service time and on residual concentrations of chloride, sulphate, aluminium, iron, calcium and magnesium were determined.
Theory of fluoride sorption
Water defluoridation technologies are largely based on adsorption, ion exchange, precipitation, coagulation, membrane processes and distillation. Defluoridation with bauxite, gypsum and magnesite reported in literature has been mainly attributed to adsorption and ion exchange surface reactions [1] [2] [3] [4] .
Defluoridation with bauxite
Bauxite sourced from varied locations will differ in composition but the major constituents are oxides and hydroxides of aluminium. Typical defluoridation with bauxite will thus closely relate to reactions of these oxides and hydroxides with fluoride [1, 2] . 
Defluoridation with gypsum
Gypsum, mainly composed of calcium sulphates, is locally available in some areas and has been experimented on in water defluoridation [3] . In some cases gypsum is employed alongside fluorite in a composite of 5 mg gypsum to <2 mg fluorite /mg of fluoride [19] . The main limitation in this technology is high residual concentration of calcium sulphate in the treated water [20] . Defluoridation with gypsum is postulated to be generally based on ion exchange reaction mechanisms, Equations 4 and 5 [3, 20] .
Defluoridation with magnesite
Employment of magnesite in water defluoridation shows potential feasibility except for registered increase in water pH and residual concentrations of magnesium. Magnesite is generally magnesium carbonate but may contain other compounds of magnesium such as oxides and hydroxides [4] . Magnesium carbonate is easily converted to magnesium oxide upon heating. Defluoridation mechanisms proposed follow ion exchange and surface reactions based on Equations 6 and 7 [4] .
Breakthrough characteristics
In removal of sorbate from water through a fixed bed column, breakthrough refers to the point at which sorption of adsorbate on packed bed no longer results in required outlet concentration. In water defluoridation for instance, a maximum fluoride concentration of 1.5 mg/l may be the target. This is the WHO recommended upper limit for fluoride concentration in potable water. As such in defluoridation breakthrough could be defined as the point at which the effluent concentration attains 1.5 mg/l. There are however instances where equilibrium points of exit stream and inflow stream concentrations have been employed as breakthrough [16] . Bed Depth Service Time (BDST) design model and Empty Bed Residence Time (EBRT) optimisation model are often employed in characterizing fixed bed systems [16, 17, 21] . In a fixed bed system parameters of interest are service time, adsorbent exhaustion rate and empty bed residence time. The length of time period through which a bed continues to remove sorbate from water within required limits of design is termed service time. This is the operational time through which a bed is still effective before it requires regeneration or replacement. Adsorbent exhaustion rate is the ratio of adsorbent mass to volume of treated water at breakthrough. A good adsorbent will have low AER values indicating a greater volume of treated water per unit mass of adsorbent [21] . Empty bed residence time is the length of time period in which a determined flow velocity will fill the column with liquid on the basis that the column is not packed with adsorbent. This is dependent on size of column and flow rate [16] . BDST model is expressed mathematically in Equation 8.
In BDST t is service time whereas No is volumetric sorption capacity of bed expressed in mg/l. Bed depth is expressed as Z and is in cm. The term Co is the initial solute concentration (mg/l). The flow rate is represented by v (ml/s) and k is kinetic rate parameter (L/mg.h). The term Cb represents final solute concentration (mg/l) at breakthrough. When service time is regressed with bed depth the critical bed depth Zo, is obtained as the Z value at time zero, that is at the x-intercept. The slope gives the value of No/Cov that represents time required to exhaust one unit length of sorbent in column under existing conditions. The time required for an adsorption wave front to pass through the critical bed depth, Zo is obtained as the y-intercept. This value is equal to the expression [-1/kColn(Co/Cb -1)] in the BDST equation. The critical bed depth is the minimum bed depth that can be employed in a sorption column and not result in instant breakthrough concentrations, that is, concentration of the effluent stream (Cexit) being equal to initial concentration (Cinlet) at the very beginning. An operating line is obtained by plotting AER against EBRT [18] . The operating line guides selection of size of EBRT i.e. column size when flow rate and AER are determined. When the AER is small the media can be used for longer periods before regeneration or replacement as such large columns and consequently large adsorbent masses may be used. The initial cost is therefore high because a large column must be acquired. This entails high capital cost. However the operation costs are low because the adsorbent regeneration/replacement is less frequent. On the other hand a large AER entails that a large mass of adsorbent is needed for a small volume of water. In this case a small adsorbent mass must be used and replaced or regenerated very often. A small column must thus be employed as such the capital cost is low however operation costs are high.
2 Materials and Methods .
Materials
The media materials were sourced within Tanzania. 
Experimental Section

Media preparation
Bauxite, gypsum and magnesite were characterized for composition through X-ray Fluorescence (XRF). The three materials were then crushed and sieved to particle size range 1.2 -1.4 mm diameter, and heat treated at 200 oC for 2 hours. The particle size range and heat treatment were selected because preliminary experiments obtained optimum capacities within these conditions. An open air muffle furnace was employed in this calcination. Natural groundwater was characterized for pH, alkalinity, colour and concentrations
Loading capacity and water quality
One gram of each material was placed in one litre of water. The medium was kept shaking at a constant speed of 125 revolutions per minute (rpm). pH, alkalinity, colour were analysed to determine any changes in these quality parameters in water. Loading capacity was then calculated through massbalance, Equation 9 [8] . In this equation qe is the amount of adsorbed fluoride at equilibrium (mg g-1); V is the volume of the solution (l); Co and Ce are the initial fluoride concentration and fluoride concentration at equilibrium (mg/l) respectively, and, m is mass of adsorbent (g). A composite was prepared through mixing bauxite, gypsum and magnesite in the ratio of their loading capacities. The composite was employed similarly in capacity and water quality determination experiments.
Flow rate and breakthrough
Fixed bed configurations were designed as depicted in schematic Figure 1 .
Figure 1: Fixed bed configuration scheme
The water head was placed 80 cm above ground. Four orifice sizes were employed that were 1.0, 1.2, 1.3 and 1.5 mm in diameter. These gave mean flow velocities of 0.68, 0.85, 1.07 and 1.25 ml/s respectively. Flow rate was determined through periodic sampling of 100 ml of water at the outlet of exit tubing and recording time taken. Composite masses of 150, 120, 75 and 45 g were packed in the column resulting in bed depths of 44, 35, 21.5 and 13 cm respectively. The composite was prepared in the mass ration 3:2:1 for bauxite, gypsum and magnesite respectively. Natural ground water was analysed for pH, alkalinity, hardness, apparent . All the ions were naturally present in the ground water. Flow rate was then regressed with each water quality parameter to identify nature of correlation.
To determine effect of flow rate on breakthrough characteristics, service time was regressed with flow rate and adsorbent exhaustion rates (AER) were plotted against empty bed residence times (EBRT). Flow rate was regressed with critical bed depth. All analyses were carried out as per standard procedures [22, 23] .
Results and Discussio n 3.1 Flow rate and breakthrough
The results showed that service time decreased with increase in flow rate, figure 2 . The results suggest that reduction of flow rate in a fixed bed system of this composite may be considered in system optimisation. Naturally lower flow rates offer greater residence times. It is probable that such longer residence times, obtained through lower flow rates, enhanced film, particle and inter-particle diffusion resulting in more effective surface reactions. This would in effect increase service time. Table 1 presents BDST parameters calculated from regression lines of service time with flow rate for different bed depths. Critical bed depth, zo, increased with increase in flow rate. This result is indicative that higher flow rates were less effective in defluoridation in terms of fluoride removal within this system with respect to the minimum required bed depth. Table 1 also depict time required to exhaust one unit length of sorbent in column under existing conditions (min/cm), that decreased with increase in flow rate; and the time required for an adsorption wave front to pass through the critical bed depth (min.), which increased with increase in flow rate. 
The correlation coefficients obtained for each regression are presented in Table 2 . Based on the correlation coefficient values it does appear that AERs were strongly correlated to EBRT more so at lower flow rates than at higher flow rates. All operating lines followed polynomial relationships of generic mathematical form 
Flow rate and water quality
Water quality parameters that appeared to be affected with flow rate were residual concentrations of chlorides and sulphates. Lower flow rates obtained higher residual anion concentrations as shown in Figure 9 . This was attributed to greater residence time at lower flow rates that may have resulted into more solvent-solute contact enhancing dissolution of the anions. Table 3 presents the correlation coefficients obtained from their regressions with flow rate. Correlation coefficients were very low, i.e. below 0.5. 
Conclusion .
The research has shown that in defluoridation with a composite of bauxite, gypsum and magnesite, in the operating conditions of these experiments, decreasing flow rate may be employed in optimizing the performance of the fixed bed. Low flow rates 289 yield higher service times, lower adsorbent exhaustion rates and require lower critical bed depths. The limiting factor is however the increase in residual concentrations of chlorides and sulphates with decrease in flow rate. The research also demonstrated that the time required to exhaust one unit length of sorbent in column under existing conditions (min/cm), decreased with increase in flow rate; and the time required for an adsorption wave front to pass through the critical bed depth (min.), increased with increase in flow rate. Bed depth service time and empty bed residence time models will obtain lower service times, greater critical bed depths and lower adsorbent exhaustion rates when flow rates are increased implying that, although increasing flow rate may reduce residual concentrations of some anion, larger flow rates offer less effective defluoridation in this composite filter. The flow rate of 1.07 ml/s was optimum because it obtained an adsorbent exhaustion rate of 1.25 g/l, a dose that is not too high for water defluoridation; and fairly low concentrations of about 100 mg/l for chloride and sulphate. These concentrations are acceptable with respect to WHO maximum allowable limits for chloride (250 mg/l) and sulphate (400 mg/l). BDST and EBRT models may be employed in optimisation of this filter through use of flow rate, nevertheless this requires monitoring of chloride and sulphate concentrations. 
